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ABSTRACT 

Air pollution studies ate based on individual-level health 
response data and group-level exposure data. Therefore, 
exposure miscJaerification occurs, and the mutts maybe 
biased ra an unknown magnitude and direction. Testing 
the validity of such associations requites a study design 
using indivTcTuai-tevel data for both exposure and response. 
Out can tesr the plausibility of group-level pm risk esti¬ 
mates by comparing them to individual-leu el estimates 
of risk from constituents of ambient alt The twofold pur¬ 
pose of this review is to consider the internal consistency 
of risks estimated tram the three major PM cohort studies 
and to determine individual-level mortality risks associ¬ 
ated with ambient concentrations of tobacco smoke and 
occupational exposures and compare them with risks as¬ 
sociated with nxa brent PM. 

The paper demonstrates the risks are nor consistent 
within and between the PM cohon studies. Higher ambi¬ 
ent concentration risks (aCRs) from the ambient PM co¬ 
hort studies are not coherent with ACRs derived from 
individual-level smoking and occupational risks for total, 
cardiopulmonary, and lung cancer mortality, fndivj dual- 
level studies suggest Increased risk of mortality cannot be 
measured with reliability at concentrations found in am¬ 
bient air, 

INTRODUCTION 

Air pollution studies are based on individual-level health 
response data and ecological or group-level exposure data. 


implications 

The lack oi consistency within the PM oonort studies and 
the dlvwjjencB of the PM cohon-hassd risks from smok¬ 
ing and occupational exposures TO PM coreftiTuanla cast 
doubt on the monalrty-PM exposure hypothesis. The lack 
of coherence suggests thal regulation of PM exposure 
below currant standards will not reduce mortality, and by 
extension will divert money from benefiosJ projects To 
reductions In materials that do not affect mortality or 
morbidity. 
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Therefore, exposure misclassjficiitjon occurs, and the re¬ 
sults m»y be biased to an unknown magnitude and direc¬ 
tion. In epidemiology, a study using group-level data Is 
generally a hypothesis-generating sntdy and not suitable 
for testing a hypothesis. Tests to verify or refute such as¬ 
sociations require as a minimum g study design using lo- 
rliuiduul-ievel data for both exposure and response. One 
can test the plausibility of PM risk estimates from pro¬ 
spective cohort studies by using individual-]evd estimates 
of risk from Constituents of ambient sit 

The method used to rest the PM/mortality hypoth¬ 
esis Is id determine the individual-level mortality risks 
associated with ambient concentrations of tobacco smoke 
and occupational exposures and compare these risks 
(called ambient concentration risks or aCRsi with mor¬ 
tality risks associated with ambient PM which have no 
individual-level exposure data. This method Is basically 
the same as the calculation of unit risk (UR) except we 
use ambient concentration as the unit of exposure. The 
individual-level measures of occupational exposures in¬ 
clude carbon black, diesel exhBusr. pedyaromatic hydro¬ 
carbons (FaHs), transition metals, and SiO r 

It would be most useful in an empirical test of cober- 
ence/consistency if the paniculate was similar to arp hl- 
fcnt PM, j. Combustion PM Is an important source of fine 
paniculate, And a suggested cause of the associations in 
the cohort studies. 1 PaHs and trace metals are sign part of 
the emissions from combustion, and trace metals have 
been proposed as a possible etiologfcaf agent, If the pri¬ 
mary concern i* site, then fine inorganic particulate in 
metal fumes and welding fumes may be important. Re¬ 
ceptor modeling indicates fugitive dusts, including S10 y 
are also major sources of PM. Tobacco smoke is a major 
source of exposure to fine PM, as mainstream smoke for 
smokers and sidestream sm olte for bnih smolurcs and non- 
smokfcis. Environmental tobacco smoke (TTh) is also found 
in ambient air. 

This paper will consider the hypothesis that currern 
levels of ambient PM increase the risk of mortality. The 
basis for this hypothesis comes from three prospective 
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cohort studies—the Six Cities cohort,' the American Can- METHODS 

cer Society (aCS) cohort, 1 and the latest updaie of the A computer Search of the literature from 1966 to the 

Seventh Day Adventist cohort, called AHSMOG/ - The present was conducted for mortality studies of occupa- 

major categories of mortality in these studies were total tlonal cohorts exposed to carbon black, coal smoke, coal 

mortality from all causes, cardiorespiratory mortality, and tar, diesel exhaust, PAHs, Transition metals, or inorganic 

lung cancer. Nonmallgnant respiratory disease (NMRD) dust, Criteria for Selection of studies Included (1) indi- 

was also considered in the AHSMOG and mentioned m vidua]-kve] exposure data, (2) minimal confounding, and 

Six Cities. These studies also provided estimates of Indi- (3) quanrititj'-’eexposure-jesponseanalysis'whereitispos- 

vjdual-levei risk from smoking. sible to esriroaie risk per unit exposure. 

The purpose of this paper Is to address questions te- The exposure metric is cumulative erposuie, and is 

garding the risks of increased mortality associated with converted to an estimated lifetime Intensity of exposure 

PM constituents of ambient air. The major focus will be for 70 years; the units art; jig/in 3 - The protocols for color- 

on the smoking risks estimated from the air pollution stud- latingACRs relating to ambient PM, cigarette smoke, and 

ies and on occupational cohorts where there are quanii- occupational exposures are given as examples below, 

[alive exposure-response (E-K) trends based on Conceptually, the method Is as follows. There arc tvo 

individual-level estimates of exposure, similar to Oxman types of studies reporting risks associated with PM, One 

et a!. 1 In this way, individual-level nsks associated with rype uses ambient PM concentration as the group-level es- 

bigh exposures to primarily single constituents of ambi- timate of lifetime exposure, which is In pg/m*. The second 

erit air can be compared with group-level risks associated type uses exposure to PM at work oi personal exposure to 

with ambient PM. The basis of the comparison “ill be the tobacco smoke as the individual-level estimate of cum ula- 

ACR. The ACP- is the risk associated with average concert- rive exposure for a working life-time <w pack-years of expo¬ 
rtations of constituent's measured In ambient air. sure to tobacco smoke (in Jig/nri years). Fc>r these 

Answering the following questions wju test the co- occupational/smoklng studies, the expoimts are convened 

herence of the hypothesis that ambient air concentrations to a lifetime intensity in units of jig/nri. Now lifetime ex- 

of approximately ZO-ug/rr 3 PM significantly increase mor- posure jnrensities to PM are in the same exposure units, 

ta [ity. that Is, \t%Jrti'. Using the reported risks and exposures from 

• Is there an internal consistency Df results In the these studies, p coefficients were calculated. To make the 

PM cohort studies, both within and between the comparison between the estimates from these two types of 

studies, sufficient to fulfill the causal criterion of studies more understandable, a relative nsk fRJO was caicu- 

consjstency? if there is inconsistency, are there any laied based on the coefficient and an ambient exposure; 

results that do meet the coherence causal criterion? this risk Is called the aCH. The ACRs from the two types of 

- Is iheTt external coherence between the results of studies are then compared for coniisttney. 

rM cohort studies and remits from smoking and 

occupational cohorts? Are the ACRs from Indl- Sample Calculation of aGR 

vidual-Itvel studies similar to group-level risks? Development oftfieACK. One of the bases of comparison 

Can Individual-]eve] risks derived from smoking used in this paper is the aCR. The ACR is based on an RR 

and occupational cohorts be reliably estimated at and ambient exposure concentra tlon. Exposures in the 

exposure levels found in ambient air? PM cohort studies are reported in lifetime intensities and 

A finding ot similar ACRs supports the PM/mnrtality hy- need no alteration. Tfie occupation ad exposures are con- 

pothesis, while a finding of dissimilar ACRs detracts from verted to lifetime exposures using standard conversion 

a causal association. techniques assuming a 70-year lifetime and a 40-ytar 

The Methods section explains the procedures for cal- working lifeume.* It Is assumed that the RR is exponen- 

cularing risks and the units of exposure used for each air daily related to exposure, £. by the equation RR = exp (0 x 

pollutant. Results art then presented for ACRs associated E), The factor p is akin to the U.5. Environmental Protec- 

wjth ambient FM and tobacco smoke from the ale pollu- lion Agency (£Fa) UR factor. In the current papa, the p 

rioTi studies for total, cardiopulmonary, and lung cancer factor was estimated from the RR associated with a slan¬ 
t-mortality and NMrD. Then the results from occupational dard exposure relative to a zero exposure. This dlsdnc- 

cohorti arc presented by the specific component found don is important mainly in occupational studies where 

in ambient air, PM without a size qualifier refers to PM pf the exposure in the base comparison group is often greater 
several sizes that can be determined from the context, than zero, Ih these cases, the j} factor is estimated from 

For example, PM Is used for the three PM cohort studies RR = exp (? x {£-£J), where £Js the base exposure. The 

where the size for Six Cities and ACS is PM i3 and for bast comparison group Includes the lowest exposed or 
AHSMOG it Is PM J0 - nonexpeaed referent group in case-control studio or other 
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designs where the KK is 1,0, and in cohort studies where 
the SMR is for the entire Cohort and the reference popula¬ 
tion SMR is set at 1.0, so In effect the SMR for the exposed 
group becomes an RR, 

Comparisons of the 0 factors pro'hde estimates of rela¬ 
tive toidciry or change of risk with a unit change In expo¬ 
sure. However, the goal of tht current analyses is to 
compare lists associated wjth an ambient exposure rather 
than with the same unit of exposure for each of the dif¬ 
ferent PM constituents. A comparison based on a fixed 
utposure, such as 10 pg/m 3 (or 1 jig/m 3 as in UR), would 
provide a distorted view because, for example, while 10 
pg/m’ls reasonable for PM it is too extreme for Cr, which 
occurs in small fractions of 1 pg/m J . To overcome these 
difficulties, the exposure Unit chosen for comparison was 
the average concentration of the material In contempo¬ 
rary ambient ajr or contemporary ambient exposure con¬ 
centration. The estimated ambient exposure 
concentrations used in these analyses are presented In 
Table 1 and represent the ambient concentration used to 
estimate the ACR for that particular constituent of ambi¬ 
ent air. While there might be some differences of opinion 
as to what values to choose for contemporary ambient 
exposure concentration, the values are mainly for com¬ 
parison purposes, and other ambient values could be sub¬ 
stituted and new comparisons made. 

Contemporary ambient exposure concentrations for 
PM in the air pollution studies are set at 20 jig/m J since 
this Is the approximate difference in FM^ between high- 
and IoVt-pollutfed cities in both the Six Cities and ACfc 
stirdies. it also approximates the interquartile difference 
in FM jd in the AH5MOG cohort. Thesmokang and occu¬ 
pational cohorts are exposed to ambient air plus air that 
is enriched with excess pm from exposures at work (die¬ 
sel exhaust, T.-iHj, 5iO a , and trace metals) or from per¬ 
sonal habits (tobacco smoke). These extra exposures often 
are many times greater than th- concentradonsfound in 

Tbble 1 . Concentrations in ambient all rf conslitcenls used In talcubling ACRs. 


Material 

ContemperBiy Ambient 
fjpraarn CaneanlratloM (fis/m 3 ) 

PM 

20 

ns 

02 

Diasri exhaust 

10 

Caibon MacA 

03 

PAHfl 

50 

BaP 

0DCT2 

5.D, 

3.0 

Af 

0.00095 

Cf 

DP005S 

HI 

0 0038 
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ambient air. The question of whether iris possible to esti¬ 
mate risk to substances found in the low con centre dons 
of ambient air [relative to WDii/smoklflg exposures) can 
only be answered when the unit of exposure is that of 
ambient concentrations, All these Substances at some con¬ 
centration are associated with some increased risk for at 
least one cause of death. Even when the exposures axe 
estimated for a 70-year lifetime instead of a 40-year work¬ 
ing lifetime, the average smoking and occupational ex¬ 
posures generally exceed ambient concen a-rnoijj in the 
air pollution studies (see figure l). aCRj estimated from 
the smoking/occupational cohorts provide a mast favor¬ 
able situation for estimating risk 3t concencratlcins found 
in urban air since the slope of the E-R curve Is influenced 
by both the high occupadonai/smoking exposure and 
ambient PM. ff che risks from these known toxins cannot 
be estimated vdeh reliability, it is implausible that one 
could estimate increased risks from ambient PM alone. 

The following examples outhne the conversion pro¬ 
cess from the published RR to the estimated ACRs. 

Smoker Example. Dockery et al. 3 Indicated that a 2 a pack- 
ytiii smoker has an RR ofl 26 for Total mortality. (A pack- 
year is 20 dgiretres/day for 1 year) On average, men in 
the ACS cohort study smoked cigarettes containing 
IS-mg tai/cigarene and women smoked cigarettes con¬ 
taining 10 -mg tar/dgarfctte. Assume 1B nri of air breathed/ 
day. 7 

* Malt tobacco exposure for 1 day = IS-mg tar/ 
cigarette x 20 cigarettes/day •n 300 mg/day. 

- Dally mean exposure while smoking = (300 
mg/day)/(18 rnVday) = 16.7 mglnf, 

- Lifetime mean exposure — (26.7 mglm* 7 ) x (2S 
years smoklng/70 years lifetime) =? 6.95 mg/m 3 = 

S9S0 flg/nri. 

* Knowing from the Six Citi-s that lor 26 pack- 
years the RR is 1 .26 and tht lifetime exposure is 
5950 pg/nT, fj is calculated as ln(l.26)/S95D, or 
3.9 x 10-* (pg/mV- 

* The male lifetime UR far ] -jig/m> tobacco PM is 
exp (3.9 x 10^ = 1.00004, The ACR is 1,0000078 
per 0.20 pg/rlri for JUS. 

* The corresponding female lifetime UR for 
1-pg/m 3 tobacco PM Is 1.00003. The aCR is 
1.00000S2 per 0.20 pg/m 7 for FTS. 

Occupational ExarhpJt. The occupational studies have as¬ 
sessed the E-R using cumulative exposure, which is a life¬ 
time exposure. Lifetime intensities were esthnartd by 
dividing lifetime exposure by 70 years. In cohort studies, 
results may be given as standardised mortality ratios 
(SMRs) associated with specific exposures. To develop 
ACRs, a “no exposure" group was arbitrarily set at 1.0 and 
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Figure i . Concamrabona ol PM, tobacco ?mokB, »id occupational agente in emblem eh and eswnsmd average evpraurts o'er a iJeama. 


a 0+5 estimated accoidingly. In several studies, an aver¬ 
age exposure could be estimated from E-R analysts for a 
specific cause of death. If only SMBs are reported, aCRs 
are estimated using the overall SMB and average expo¬ 
sure from the R R analysis. 

Assume an RR of 0 67 Is associated with an exposure 
of 1.9 mg/m 3 years respirable SIO, in an occupational set¬ 
ting. The OR and ACR are calculated as follows. 

• First, the occupational tXposuTe is 1.9 mg/m 3 
years. 

• Lifetime exposure Is converted to lifetime imtn- 
sity of exposure by (1900 pg/ni'* years/70 
years) =i 27.1 (ig/mh 

» Using the RR/exposure relation, p is calculated as 
ln(0.67)/27-l, or-1,48 s: 1CH (pg/m 1 ) 1 Thisyields 
a lifetime UR/pg/m J of 0.98S4, The lifetime aCK 
for SlD, js 3 times the UR, or 0.9S7 (E-pg/m 3 S10 2 
In ambient air X - 1 , 4 8 x iO -2 big/m 1 )'). 

• Therefore, the lifetime UR is 0.9854 for 1-pg/m 1 
occupationally based respirable 5)0,PM, and the 
lifetime aCR for SiO, Is 0.9S7 for 3-jig/m 1 respi¬ 
rable SIO, found In ambient air. 


and needs no further calculation. For example, In the Sir 
C-rtles study, an increase of 18.6-p.g/m 3 PM 2 J is associated 
with an RR ol 1.26 for total mortality. These valuts are 
based on a reported risk for Steubenville versus Portage, 
where the average lifetime exposure is 33,6 pg/m a for resi¬ 
dents of Steubenville, the most polluted city, and ll.o 
pg/m' for Portage, the least polluted city, a difference of 
18.6 pg/m 3 . 

« Lifetime mean txposuxe = 18.6 ug/m 3 . 

- |1 is calculated as ln(l.261/18.6 = 1.24 x 1CH 

(pg/m 3 )- 1 . 

• The lifetime UR for 1-pg/m- 1 FM is Is exp (1,24 * 
1(H) a 1.01Z5, and the lifetime ACR is 20 tunes 
the coefficient of the UR, or 1.282 for 2£t pg/m J 


Air Pollution Example. The average ambient concentration 
used in the PM cohort studies is the lifetime intensity 


Uiniyarison of Sisks by Magnliude and Ratio 

URs and ACRs can be compared between studies by com 
sidetlng their algebraic value and determining which risk 
Is laigtt and the magnitude ol the difference- Since the 
minority of URs and aCJU are close tn ), it Is difficult to 
appreciate the difference in risk that is Implied by the rela¬ 
tively small algebraic difference. Por example, the aCK for 
FM 31 measured at the ambient exposure of 20 pg/m 3 is 1-28, 
while the aCR for tobacco smoke measured ar the ambient 
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exposure of 0.2D pg/m 3 is 1 0000Z; their ratio Is very dose 
to 1.28, whlcli masks the size of their relative potendes. 

An alternative comparison is to consider the ratios 
of the 0 coefficients. Because Ults and ACJts are close to 
1.0, the p values are approximately equal to US-1, Thus, 
P approximates the added risk (the risk added to the risk 
at zero exposure), and the ratio of the p factors is the 
retro of the added risks. For the example given, the g fac¬ 
tors far PM^and tobacco smoke ate 0.247 and 1-B0* 10‘, 
so the ratio is 13,722. This Indicates that the added risk 
from PMjj is about 14,00(3 tunes larger than that from 
tobacco smoke at ambient concentrations. We will use 
this method of comparison in addition to comparing 
the magnitude of (he ACRs, and we will denote it as the 
ratio of coefficients. 

RX5LTTS 

Background fur KM and Smoking 
in Prospective Cohort Studies 

The Six Cities and ACS studies assessed the association 
between PM as , smoking, and mortality using Car pro¬ 
portional-hazards regression models. The value used to 
estimate ambient exposure was the average of the reported 
ACS and Six Cities annual FM 2S concentration means. The 
former was based on 4 years of observed data, the Inter 
on 16 years of observed data. In the aHSMOG cohort, 26 
years of data cm PM J0 were available. The annual average 
is equivalent to lifetime intensity of exposure. 

The KRs of smoking were assessed in each of the PM 
studies and are used to test the TM hypothesis, since to. 
bacco smoke Is a constituent of ambient air as well as a 
very Important source of home, work, and personal ex¬ 
posure. Sidestream smoke is inhaled by smokers and non- 
smokers alike and is called ETS. Gori and Mantel* estimate 
that ET5-anributable PM concentrations generally are less 
rhan 50 pg/m 3 . The National Research Coundl 1 ' estimates 
that ETS concentrations range from 20-iSO pg/m 3 ln 
homes of smokers. Approximately 90% of the general 
population as well as the PM cohort populations arc ex¬ 
posed to tobacco smoke whether they smoke or not. 
KJepeis 11 ’ estimated average exposure to ETS Is about 18 
UgJ.m 1 . a value comparable to the average outdoor con¬ 
centrations in the Six Cities study. Thus, tobacco smoke 
Is a major source of workplace and home RM 15 exposure 
among nonsmokers and a primary source of exposure to 
PMjjfor smokers. 

Ambient ETS concentrations are less than home and 
workplace concentrations, but they are measurable. Rogge 
et al. u estimated the upper lips!? of ambient £TS concen¬ 
tration In Los Angeles was approximately 0.28-0.36 
pg/m 1 , or 1-1.3% of PM^raasj concentration. The con¬ 
temporary ambient exposure concentration for ambient 
tobacco smoke concentrations Is set at 0.2 pg/ra 3 (Table 1). 
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Results of ACR calculations from the PM cohort stud¬ 
ies are presented below, for mortality from all causes, 
cardiopulmonary diseases, and lung cancer, and tile 
ranges of aCKs are located in Table 2. Details ore In che 
Appendix. 

ACKs for All-Cause Mortality for PM 
and Cigarette Smoke 

ACKs for Ambient KM. In the Six Cities cohort, the only 
significant elevated aCRs were far SieutenidiJe, 1 _Z8 (1.C6- 
1.33) for the entire cohort and 1.32 (1.C&-1.68) for men 
The lowest ACR were 0,67 (0.01-19-5) for women In To¬ 
peka and 0.73 (0-2Q-2.SS) for men In Watertown. The 
highest ACRs were l .69 (0,04—60) for mEn in Topeka, 1.48 
(0.92-2.41) far men In Harriman, 1.42(0.79-2.49) formed 
InSt. Louis, and Z.77 (0.69-11.5) and 1.36 (0.69-2.76)for 
women In Watertown and St. Louis, respectively (Figure 
2). There was no consistent E-S trend for men or women 
When considered separately. For example, in Topeka the 
men had the highest ACR and the women the lowest, 
while the reverse was true in Watertown. The linear rela¬ 
tionship seen In Figure 3 of Dockery et hL 1 Is apparent 
when men and women are combined, but not apparent 
when considered separately. 

In the ACS cohort, the ACRs for rural mortality were 
about 1.14 for both men and women. In the aHSMOG 
cohort, all-cause mortality was not associated wjrh KM,„ 
for either men or women with ACRs of 1.09 (0.98-1,21) 
fur men and 0.95 (0-87-1,03) for women (Figure 2), 

A CKs for Cigarette Smoke. In the Six Cities cohort, the ACR 
of all-cause mortality for cigarette smoke was 1.00001 
compared to an ACR of 1.28 per ZO-yglm 5 PW^. The ratio 
of the coefficients is an implausibly large 25,000. In ACS, 
the ratio of the coefficients is about 4000. At ambient 
concentrations of ETS, the ACRs for cigarette smoke are 
too low to detect with any reUahilhy. No data were pro¬ 
vided on risk of all-cause mortality to AHSMOG. The ra¬ 
tios of aCR coefHdtnts (FM/inbacco smoke) show the 
group-level PM risks are 3 or more orders of magnitude 
larger then the individual-level estimated risks associated 
with ambient tobacco smoke (Table 3). 

ACRs of OuxIj up I.rm oinry Mortality 
for KM and Tobacco StnoW 

ACRs for Ambient PM. The ACR for cardiopulmonary 
mortality in the Six Cities cohort is 1.4 (1.12-1.75). The 
association of NMRL? and FM^ was unstable and statisti¬ 
cally nonslgnlficanx. When cardiovascular and rmpiraiory 
disease deaths were combined, the associations with air 
pollution became consistent and robust. 

In the ACS cohort, the ACR for cardiopulmonary 
mortality was 1.25 (1.14-1.36) for the entire cohort, but 
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Table 2. B arije ol ACfts lof PM cohnrt studies 


Causa af Dealli 

High ACRS (Cl) 

law ACfts (cl) 

AihausrmofBlIty 

2,77 (U,6&-11.5) nvomen, Watertown 

0 , 6 / 1001—49.5) wgmen,TapeiB 

Total cohort 

131 (103-1 SB) man, Six Um 

0 95 (D 07—1.03) womttf. AHSMDfi 

Cardiopulmonary 

140(1 12-1 75) Sia Cilia 

093 (0 03-1.04) WWDen. AH5MQ6 

NMRD 

1151095-1.49) men, AHSMOG 

Na ateociatfixi in Si* Cities; 1 DB {0 Bfi-1 32) toi ufomcn in aHSMOG 

Lung tsrraf 

3.06 (i 74-9 01) men, AHSMOG (Beeson w al') 

0.92 (D 62-1 35) wo/tjen. ACS 


less for men (1.19) than for ’-'omtn (1.36). The separate 
effects of NMRD are nor provided, although the total 
number of deaths In this cohort is 20,765 compared Kith 
1430 in the Si* Cities cohort. Separate results for respira¬ 
tory and cardiovascular- disease deaths as in AHSMOG 
would be useful In both Six Cities and ACS to better as¬ 
sess Irrtrr-sludy consistency and external comparisons 
with occupational cohorts. 

'Hie AH SMOG cohort considered cardiopulmonary and 
NMRD causes of death separately. There were no associa¬ 
tions between cardiopulmonary deaths and any of the air 
pollutants for either sex. aCRs for PM,„ and cardiopulmo¬ 
nary mortality were 1.08 (0.95-1,24) for men and 0.93 
(0 83-1.04) for women fFiguie 3). The 135 deaths from 
NMRD as an underlying cause shoved no significant 



Estimated ACR per 20 pa/nr 3 
Flyura 2. aCHs associated wrth dJI-caijae monalhy ’n PM cfchon studies 
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associations with although a reduced mode] gave 

an aCR risk of L12 (0.84-1,50) for men. of death 

wnti any mention of NMRD had ACRs of 1.19 (0.9S-] .*9) 
for men, 1.08 (0.88-1.32) for women, and 1.13 (D.97S- 
] ,31) for combined men and women. Thus, In aHSMOG 
the AC Ft- toi NMRD were higher than Ini cardiovascular 
deaths, although none were significant. 

ACRs for Tobacco Smoke. The ACRs for cardiopulmonary 
mortality and cigarette smoke were 1.QD00 jn both the 
Six Cities arid AC5 cohorts, with differences In toxicity 
based on the raUo of cneffidents of about 11,000 and 7000, 
respectively (Table 3) aCRs of cigarette imoie in rhe 
AHSMOG cohort were 1.0000 for death with any men¬ 
tion of NMRD, They were not reported for cardiovascular 
mortality. These calculations suggest gioup-levgj 
PM lists of cardiopulmonary morality are 3 or 
more orders of magnitude larger Than individuaj- 
levtl estimated risks associated with ambient Con¬ 
centrations of tobacco smoke. 

A CHS foe Inng Cancer Mortality far PM 
anil Tobacco Smoke 

A clu for PM. The 1 ung oncer ACR far PMjj from 
the Six Cities cohort is 1.40 (0.80-2.46). The ACR 
for PM lt in the ACS cohort is 1.10 (0.84-1.371 for 
men, 0.92 (0.6Z-1.35) for women. and 1.02 (0.83- 
1.Z6) overall. Men in AHSMOG show fung cancer 
ACRs for PM 10 of 2.74 (3.45-5,15)* or 3.96 (1.74- 
9.01)/Only the former is plotted in Figure 4. The 
ACR for PM ]0 among women was 1.27 (u.65-2.46) 
in Abbey ef al_,» while Beeson tt ai/ only reported 
that lor women, the 95% confidence intervals In¬ 
cluded the null value. 

ACRs for Smoking. The lung cancer ACRs for PM in 
tobacco smoke were l ,0001 among current smok¬ 
ers in the ACS an d Six Clhes cohorts and 1.00003- 
1 .DOOO 4 for former smokers in the three cohorts 
(Figure 4). The ratio of coefficients was -4000 in 
Six a ties and ZZ 0 in ACS. in AHSMOG, the ratio 
of coefficients was -34,000-46,000 for men and 
6000 for women (Table 3). These calculations 
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suggest group-ItveJ TM risks of Jung cancer art 2 or raort 
v/dcrs of raagniiudeJargtl them estfmaaed iffoivid uaj-levef 
risks associated with ambient concentrations of tobacco' 
srjioke, 

Occiipatiunol toil on Studies 

Results are piessmed below for ACRs defined h.pni jpem- 
pallonal studies. Analyses were conducted for flite cat¬ 
egories of occupational exposures: (3) carbon black; (2) 
diesel exhaust; (3) PAffs Including b£jiza(a)pyrtfne (Ss?r; 

tbbio a. foio or coriiicietits" for Pm 3rd sraolun}. 
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(4) transition metals (As. Cr, and Mi); and (5) SIO^ 
and analyses were performed for all causes, cardio¬ 
vascular. respiratory, and lung cancer mortality. 
These are described below, and each section Includes 
background information about foe exposures and 
the studies selected for analyses. The aCRs are dis¬ 
played In Figures S—8 and summarized iri Table 4. 
Also in eluded In Table 4 are the ACRs for smoking, 
which were discussed previously and are included 
h ere t o piovid e a ro ore complete listing of in dividual 
Jevei aCRs. More detailed information Js in the Ap¬ 
pendix. 

Carbon Block. The amount of cxihon black in arrjhl- 
ent alt is small. A study in 1969 eniimaied tire dust 
(of which carbon Hack is a component) omshrurad 
0.8% of the aerosol above urban air In California. 11 
Maximum FM lt> In the AKSMOC study is about 30 
rp/iii * With a minim um of zero. Therefore, carbon 
black in ambient air using these numbers would 
— range from -0.008 to 0.66 pg/m 3 . Tb t ACRs are cab 
cuiated on the basis cif 0.3 pg/nP or 300 ng/m 3 . 

Only one study was found that provided T-lt 
trends, and trends for morbidity rather than mortaf- 

_ iry. Robertson and Ingalls 13 Conducted a case- 

control study of carbon black woridos IS years oi 

IS. * 

age or older employed In 1980 in alt <*vea carboii- 
bl^cic plant? in the UiJfed Stares, 

The high-exposure caregoiy was >3CX>ug/m J months 
cumulative exposure or a lifetime intensity of357 \igfm 3 . 
Thfe range of llfetiuie intensities was from no exposure to 
-£00 tig/iii 3 . The lifetime intensities of asa and controls 
were similar an d risks ptu 0.3 yg/jn 3 w^re J.oo oiJe-ss. -ACRs 
for both cardiovascular aijd respiratory morbidity were at 
uniiy. Thus, the aCRs and nitia of coefficients for FM to 
carbon black are iJnijlar to those of PM to tobacco smok*. 


OittseJ HxhdusT. Diesel exhatisc concentrations in ih« Los 
Angeles area In tht 1980s were estimated to account for 
-3% of totaj pm tmissions and 7% of respirable fine par¬ 
ticles (TMJ emissJoni- Average monthly ambitm concen- 
i/ahons were esfimaFfcd to range from l&Rg/xr^ai the most 
polluted locations to 2-3 pg/m 3 ax It&s polluted artas- H 
Steenland et al. 1 * assumed a background of 1 pg/m*. The 
ETA 18 estimated annual averages for the United Srat^ as 
1-5-1.8 pg/m* for 1990 and 1.1-1.2 ug/m J for 1995. The 
estimates for calculating ACRs are based on an average 
ambient concentration of 1 Jig/m 3 , and sc they are equity-' 
lepi to UJL 

Three studies were used ro estimate aCRs. Two were 
cohort mortality srudle? of coal miners and potash miners 
►itb buemaj analyses comparing exposed to nonexposed 
miners. 1 ™ The third study iva s a case-control s tudy of truck 
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drivers, >J a CRs were generally near 1.0 IOt all mortality 
outcomes, so the aCRs and ratios of coefflden IS are simi¬ 
lar to the results for tobacco smoke. 

PaHs, PaHs are ubiquitous air pollutants largely formed 
from the incomplete combustion of fossil and biogenic 
fuels. Concentrations of particle-bound PAHs in ambient 
air typically range from less than 1 jig/m J in rural areas to 
l-10|ig/m a in urban areas. 15 Ambient concentrations of BaP 
ale considerably lower: «;! ng/m 3 in urban areas without 
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coke ovens, 1-5 ng/m 5 in other cities, and IDO ng/rn 4 
in several European cl ties in th e 1Cb.™ Hemminki 
and Pershagen 21 indicate mean concentrations of 
0 7 ng/m J of PaHs as BaP in Sweden. The Expert 
Panel on Air Quality Standards 23 reported annual 
means in fht United Kingdom that ranged from ~2 
ng/m 1 or less In 1991 to 0.5-0-8 ng/riPm 1998- .Rural 
levels were on the order of 0.1-03 ng/m 3 or Jess. aCRj 
for PAHs and BaP are based on avenge ambient con¬ 
centrations of 5 pg/m J and 2 ng/m 3 (D.002 jigW), 
respectively. 

Two occupational settings are considered for as¬ 
sessing fc-K between mortality and exposure in coal 
tar pitch volatiles, namely, alumina reduction plants 
and coke ovens, Three studies were found with £ R 
analyses, including two in the coke ovens. 1124 The 
coke oven workers appear to be the same cohort, 
and only rhe Costantino et al data 25 wlH be used, 
since this is the latest update. Lung cancer mortal¬ 
ity Was assessed by Armstrong ci al, 34 in a srudy of 
aluminum production workers. 

Estimates of the ACRs from all the PAH studies 
showed similar results that were at unity end are, 
therefore, similar to the results for tobacco smoke. 

Transition Metals. Spengler and Thurston 24 reported 
nondetectable concentrations of Ni in PM^ frac¬ 
tions in three of the Six Cities—Portage, Topeka, 
and Harriman. Total concentrations of Nl in both the PM^ 
and inhalable fraction (2.S—IS pm) ranged from a low of 
0.0001 pg/m J In Topeka to a high of 0.0195 jig/m 1 In 
Watertown, 

Tbnfc-series sample of trace metals were collected for 
several years In Philadelphia (n = ] 105) and Phoenic (n = 
£43).” The average results were 0.00095 ug/m 3 for As. 
0.00055 a E/m' for Cr, and 0.0038 ng/m 3 for NJ r which are 
the units of exposure used In this review. 

Costa 24 suggests chat the "metal hypothesis" may be 
useful In explaining the epidemio¬ 
logic findings of PM-assodated mor¬ 
tality and morbidity. It is his view char 
"transition metals provjde the foun¬ 
dation for biological plausibility." So 
it is useful to test the plausibility of 
this hypothesis. 

Three studies were used to esd- 
ma le ACEs. Two were cohort mortal¬ 
ity studies of smelter workers exposed 
to As 2 “~ 21 and one was a muld-center 
study of welders exposed to Cr and 
Ni.^All ACR estimates tor these stud¬ 
ies were at unity, again similar to the 
ACRs tor tobacco smoke. 
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Figure 5.>*GRs associated with hIE- cause mortabry moccupanoral studies svaufled 
by eonsitruantE in ambieei air 


inorganic pusts (SIOJ. Simples collected in the Six Cities 
cohaft ovei about a 2-yeai period showed SiO a concern- 
trarjons hi the P.W 31 fraction that varied from a low of 
0.075 pg/m 5 In Portage to a high of 0.29 pg/m 1 in 
Steubenville. 14 Concentrations in the coarse fraction (size 
2,5-15 jura) ranged from 0.98 ng !cr? in Portage to 2.5 p-fJiTi' 
in Topeka. The combined SiCt, concentrations ranged 
from 1.06 (Jg/ni 1 in Portage to highi of Z.59 jig/m' in 
Steubenville and Z.69 pg/m J In Topeka. The 510, con¬ 
tent from time-series samples in Philadelphia and Phoe¬ 
nix ranged from 0.11 6 to 0.2Q9 yg/m’ (0,0O68-O.D22%)2’ 
The average concentration was 0.105 yg/m J (0,01%). In 
the 1996 Criteria Document, the £PA JJ Indicated that 
the average concentration of SiO, was 4.9% in coarse 
PM and 0,4% In fine PM. When these percentages are 
applied to the AH5W DG data, the annual concentrations 
of SlOj ranges from about 0.05 to 4.4 pg/mL An average 
SiOj concentration in ambient air of 3 |ig/m s is the value 
used for estimates of the ACKs. 

Seven occupational studies were found for analyses. 
’These include a mortality study of workers processing dl- 
atomaceous earth, 5 " three studies of gold miners,"" 4 '' and 
three studies of workers in pottery/quany/mining types 
of u.'nrk,- l *-v > 
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Some of these studies had statistically signifi¬ 
cant ACHs above 1.0 (e.g., studies of gold min¬ 
ers). Three 5iO a studies showed aCRs of -1.C2 or 
less foi total mortality. There was one study with 
an ACR of 1.01 foi cerebrovascular and ischemic 
heart disease mortality. The ACR was 1,04 for 
chronic obstructive pulmonary disease (COFD) 
mortality among South African gold miners. The 
greatest risk In the occupational cohorts was as¬ 
sociated with lung cancer, but at ambient con¬ 
centrations, the ACKs are also around Unity with 
few exceptions. 

DISCUSSION 

We have summarised the results from a scries of 
£-ft studies assessing the associations of mortal¬ 
ity with ambient PM. with Individual-level ex¬ 
posures to tobacco smoke and various 
occupational exposures. Comparisons of ACKs 
From these studies provide the data for answer- 
mg the two questions posed at the outset of this, 
analysis. 

Tests of Internal Consistency 
All-Cause idorroHty (see Figme 2\ The ACS cohort 
shows consistent and significant ACRs of-1.34 per 
20-yg/m J PMj^ fot total mortal! Fy in both sixes. 
However, these results do not appear to be consis¬ 
tent with two Df the Six Cities qi AHSMOG. 

The comparative starisrlcs usually given for the Six 
Cities cohort when calculated as aCRs are 1.32 lot men 
and 1.25 lot women. However, whm assessed by dry, 
the ACRs varied for men from 0,73 in Watertown to 
1,69 ln Topeka. Fot Women, the range W .' 1 S 0,67 in To¬ 
peka to 2,77 ln Watertown. Thus, the risks associated 
with total mortality do not increase incnoionically with 
estimated PM for each city; they show an inverse pat¬ 
tern for men and women in two of the six cities (To¬ 
peka and Watertown), and the most polluted city 

(Steubenville) has lower ACRs than cities with lass pol¬ 
lution (Topeka, HarrLman, and St. Louis for men; 
Watertown and St. Louis for women). Ail-cause mortal¬ 
ity Is not significantly increased in the AHSMOG co¬ 
hort, and the ACR is <3 for women. 

Cardiopulmonary and Respiratory Mortality. The aCS re¬ 
sults show increased risks for cardiopulmonary mortal¬ 
ity that are greater for women than men (Figure 3), in 
Six Cities, results shewed greater risk; for cardiovascular 
than respiratory mortality These results are inconsistent 
with aH 5MOG, where the risk is greater for respiratory 
than cardiovascular mortality and greater for men than 
for women. 
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Figure 6. ACRs associated wnh ca/dlovasB liar moriainv tn occupational 
mnst/ftod by conatituonis In ambient £rr. 


Tun/ Cancer. Si* Cities and AHSMOG show Increases in 
risk of lung cancer that are inconsistent with the lack of 
risk in ACS. The ratios of coefficients for lung cancer for 
men and women combined was l? times greater in Six 
Cities titan in aCS, and 11 times greater for men in 
aHSMOG than in ACS. The ACR for women in ACS was 
less than. 1, but w» 5 1.27 in aHSMOG. 

The lung cancer results are perplexing, as there is no 
apparent increased risk in ACS, an increased but not sig¬ 
nificantly Increased risk in Silt Cities, and in AHSMOG k 
large increased risk for women and an e«un larger and 
more Implausible risk for men (2.74 in Abbey et at. 1 and 
3 96 in Beeson et nl.' 1 ). 

These analyses suggest that the results from the three 
PM cohorts are not qualitatively similar- While there are 
significant associations in out or more of the studies, at 
least one of the three generally has results that do not 
appear to be congruent with the other two, and The out¬ 
lying study Is different depending on the cause of death, 

If there is no consistency within or between the PM 
studies, what aCRs should be used for comparisons to 
smoking and occupational data? The choices ire reason¬ 
ably limited to the maximum aCR, the minimum aCR, 
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or some average measure such as the arithmetic 
mean or geometric mean. We will use the mini¬ 
mum and maximum aCRs for each raartahey end 
point, as SLtmmarued in Table 2. 

Test of External Consistency 

Stroking. The ACRs fat cause-specific deaths asso¬ 
ciated with smoking ranged between 1.00001 and 
1.00009. The results are quite consistent for men 
and women, former and current smokers, and be¬ 
tween cohorts for all causes of death. 

In addition, the ratio of cueffldents for PM ver¬ 
sus tobacco smoking is 2-4 orders of magnitude, 
as shown in Table 3. The exception is the aCS co¬ 
hort, where the risk of lung cancer was not in- 
creased. 

lf the lowei PM aCRs are used, they are generally 
less than 1 (Table 2), which indicates they are not 
toxic (it is not reasonable to call them protective). 
Thus, in comparison to tobacco smoke, whose 
aCRs arevery slightly greater than 1 (Table 4), and 
based on the lower estimated PM risks, ambient 
PM can be considered ncmiaxic at ambient con¬ 
centrations used in this analysts. 

Tobacco smoke Is known to be a significant risk 
factor for all causes of death studied Jn the air pol¬ 
lution cohorts, bur in the PM cohort studies, the 
aCRs for tobacco smoke axe equivalent to a value 
of 1 .0000, indicating no toxicity at ambient con¬ 
centrations. Thus, In the PM cohort studies, the ability to 
detect meaningful risks at ambient concentrations o/ETS 
is essentially none. The inability to reliably measure aCRs 
for ETS detracts from the PM hypothesis. The Tesulis for 
tobacco exposure are not coherent with the high URs as-- 
sodated with FM from the air pollution studies, but they 
are coherent with the lack of risk seen for the low aCRs 
associated with ambient FM. 

In summary, there is a lack of coherence when com¬ 
paring the higher ACRs derived from ambient 'PM with 
the ACRs derived from tobacco smoke. The ratios of coef¬ 
ficients comparing higher PM risk estimates with tobacco 
smoke are so large as to not be plausible. The lower risk 
estimates derived from ambient PM tire less than the ACRs 
for smoking, and do not suggest a causal association, as 
these low aCRs indicate no association with m ortaliry. At 
the average concentrations measured to ambient air In 
these studies, ambient PM is cither more toxic than simi¬ 
lar concentrations of tobacco smoke (based on the higher 
aCRs), or somewhat less toxic than tobacco smoke so re¬ 
liable estimates of risk cannot t>v deterred at these con¬ 
centrations (using lower ACRs). 

The results using tobacco smoke suggest the consis¬ 
tency and coherence criteria for a causal association 
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between FM and mortality in ih« Six Cities, ACS, and. 
aHSMOG cohorts are not met, and the lower ACRs £pr 
PM, s and PM 10 are the more plausible, 

Occupational. Occupational studies With quantitative 
E-R analyses Were summarized where the major" occu¬ 
pational exposure was a particulate const!tuenr of ur¬ 
ban air, namely, carbon blacic, diesel exhaust, S'AHs, 
BoP, Ci, As, Nl, and SiO,, Ail of these substances, with 
the possible exception of carbon black, have been con¬ 
sidered as possible or probable substances causing car¬ 
diopulmonary disease and/or lung cancel at some 
concsmratlon. 

The results of the occupational studies are consistent 
among themselves for all causes of death and for each 
pollutant. The ACRs are consistently about 1.00, as sum¬ 
marized in Table 4 and shown In figures 5-8, with a few 
above 1,0 and more below 1.0. and with few exceptions 
are Jlmifar to the ACRs far tobacco smolce. 

At these low ACHs, one would not be able to detect 
an increased risk of mortality with any degree of reliabil¬ 
ity. These low ACRs also Indicate that exposures to these 
substances at ambient concentrations Me not toxic. 


An ACR of at least 1.0 should be expected, 
aj positive E-R trends are common. When the 
E-R is analyzed by regression, a linear model is 
generally the method ol choice. Which assumes 
Tib threshold. Thus, if there is an E-R trend, then 
the coefficient will be positive, even at the com¬ 
paratively low concentrations In ambient air 
compared to workplace exposures. And one 
would expect positive E-R trends foi several rea¬ 
sons, including the toxic nature of mast af these 
substances at some concentration, increased po¬ 
tential for Increased risks at high Intensities, and 
possible underestimates of exposure in the past 
that can produce an overestimate to tojriciiy. 

Most occupational ACRs are -3.0 for all 
cause-specific moitality, although a few aCBs are 
higher. For example, the Si0 2 studies generally 
show jncreJised mortality farisplraiory diseases, 
and especially for silicosis, but often do nor for 
other causes > J death. The highest SiO. ACUr, are 
i.02 fartotal purl caidiovasculaiinartallty, but are 
2, i 4 for respiratory" and 1.23 for lung cancer mor¬ 
tality, to contrast, the highest PM-hased ACRs by 
cause of death ark 2 ,*/ 1 for Women in Watertown, 
I 40for Six Cities, 3.19 foroen In Af/SMOO, anil 
3.96 for men in AH5MOG flahle 2). Using the 
ratios of the ACR coefficients, the estimated rox- 
rneidea leixy of PM at ambient concentrations is 14 times 
greater than SiO, for total mortality, 1? times 
greater for cardiopulmonary, and 7 rimes greater 
foi lung cancer. The estimate for respiratory jnoi rarity b 
about 4 tiroes greater tor SiOj than for PM. 

Considering tie results by Cause of death, the ratio 
of coefficients between tbe PM and occupatjanal/sreck- 
lftg estimates of risks ha«e a broad range. When the ratios, 
are near unity, they are generally associated with risks less 
than 1 from both sources. AS an example, all of the low¬ 
est ACRs for PM are less than 1.0. so the ratios are ail less 
than i,o, Indicating chat ambient PM Is less toxic than all 
the occupational exposure agents at ambient concentra¬ 
tions. Some alight argue that occupational cohorts are 
not suitable for comparison with the PM cohorts because 
of the healthy worker effect and the need to protect sus¬ 
ceptible Individuals. In many of these studies, there was 
no apparent healthy worker effect as total and cause- 
specifie mortality were often near or above the null value. 

The aHSMOG cohort was selected as a low-risk 
group. It Is comprised of Sewentb-Pay Adventists, a group 
whose religion prohibits the use of alcohol, tobacco, and 
pork and strongly recommends a lano- ovov trgtui nan 
diet. Earlier reports documented their lower mortality 
for cancer, cardiovascular, and otbe’r chronic diseases 
compared with Iht U.S. population and nonsmoktog 
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Figure a. aCHs vssccaied web lung cruvf/ monaMy in occupalimal aiudiaa stratified 
by eonprlnJema m ambient ak- 


whited living In California.'’ So this population appears 
to be a healthy population, perhaps more so even than 
an occupations! cohort. 

The ACS cohort is also likely to be a healthy papula¬ 
tion. It is not representative of the general population, 
but "was while, mainly middle class, older, more 

educated, more Dftfcn married, and less urban".' u Except 
for age, which is controlled in the analysis, these tend to 
be factors that are associated with better rather than poor 
health. 

The -weight of evidence from the occupational co¬ 
horts, like that from smoking, suggests that PM ACRs are 
implausibly high. Further, the ACRs estimated from these 
occupational toxicants are unlikely to be detected with 
reliability, even though the risks are consistently elevated 
at the concentrations found at work. 

strengths an it Limitations of Analyses 

The analytic approaches used In rhts paper have both 
advantages and possible llmirationr. First, ACK compari¬ 
sons for each substance (t.g., tobacco smoke and PAHs) 
were made at current estimates of ambient exposures. This 
is a different way to compare risks, and is in contrast ro a 
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mote traditional UK approach of using a fixed 
unit for each substance, such as 1 ug/m 3 - When 
considering large differences In toxicity between 
substances, the fixed UR approach sometimes 

creates highly unrealistic scenarios (e.g., a level 
of exposure that would be extremely toxic), 
compared with the ambient level comparisons, 
vheie the concentrations are so Idw that a re¬ 
sponse as severe as mortality cannot be mea¬ 
sured with reliability. 

The smoking comparisons utilize data from 
the same three cohort studies from which the 

PM estimates came. These data provide two esti¬ 
mates of ACRs for the same individuals in the 
same study, thereby providing scientifically ro¬ 
bust, Withln-study comparisons of risk contrast¬ 
ing group-level exposure (ambient PM) and 
exposures to tobacco smoke, which are estimated 
at the individual level. The comparisons to oc¬ 
cupational studies are not as robust stnee the 
populations are not the same people and the risks 
are derived from different studies at different ex¬ 
posures and perhaps different parade sizes. How¬ 
ever, the weight of evidence from occupational 
studies shows a consistency of results across many 
studies and difftrtnl substances, and the ratios 
of risks are so large as tomake it Improbable that 
the problems in the occupational comparison 
could be explained by those reiarively minor dif¬ 
ferences. lr is also improbable that the differences 
in categories for cardiopulmonary mortality can explain 
ibe differences in risk- Thus, these comparisons Indicate 
a lack of coherence between risks derived from ambient 
PM studies and those from occupational studies. 

Our analyses have assumed a no-thifesholdTDodel foi 
the k-tt. We ha"e also assumed the E-R relationship holds 
over the range of high occupational exposures ro low 
ambient exposures. Thi-'e methods have some uncertain¬ 
ties, but Ibe techniques are generally accepted. However, 
regarding both of the assumptions above, other ap¬ 
proaches should be tried and compared to our findings, 

CONCLUSIONS 

(1) Thetc ll a lack of intra- and Lnrei-Study cons!*, 
tency in the results from th« air pollution cohorts 
that detracts front the PM hypothesis. 

(2) There is a lack of coherence between higher PM 
ACRs and aCRs derived from Individual-level 
estimates of exposure, so the hypothesis of a 
causal association between ambient PM and 
chronic mortality is not supported, 

(3) Current concert tratlons of several kinds of FM in 
ambient air (e g., tobacco smolce, diesel exhaust. 
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PAH.i, and Transient m^als) are too low to reli¬ 
ably measure risks of mortality. 

(4) The lower PM ACfti are similar to indrtridual-le«ei 
aCKs, indicating that concentrations of PM in 
the 5nt arias, ACS, and XHS>fOG studies are too 
low to estimate risks of mortality, and thar higher 
ACSs for PM are probably overestimates of the 
tide risks,. 
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